The amino acid derivative 5-oxoproline, which is an endogenous compound in the brain, is a monocarboxylate. Results: Na ϩ -dependent and amino acid transport systems scarcely contributed to 5-oxoproline transport in T98G cells as an
Thyrotropin-releasing hormone is a tripeptide that consists of 5-oxoproline, histidine, and proline. The peptide is rapidly metabolized by various enzymes. 5-Oxoproline is produced by enzymatic hydrolysis in a variety of peptides. Previous studies showed that 5-oxoproline could become a possible biomarker for autism spectrum disorders. Here we demonstrate the involvement of SLC16A1 in the transport of 5-oxoproline. An SLC16A1 polymorphism (rs1049434) was recently identified. However, there is no information about the effect of the polymorphism on SLC16A1 function. In this study, the polymorphism caused an observable change in 5-oxoproline and lactate transport via SLC16A1. The Michaelis constant (K m ) was increased in an SLC16A1 mutant compared with that in the wild type. In addition, the proton concentration required to produce half-maximal activation of transport activity (K 0.5, H ؉ ) was increased in the SLC16A1 mutant compared with that in the wild type. Furthermore, we examined the transport of 5-oxoproline in T98G cells as an astrocyte cell model. Despite the fact that 5-oxoproline is an amino acid derivative, Na ؉ -dependent and amino acid transport systems scarcely contributed to 5-oxoproline transport. Based on our findings, we conclude that H ؉ -coupled 5-oxoproline transport is mediated solely by SLC16A1 in the cells.
According to Takeda Pharmaceutical Company Ltd., thyrotropin-releasing hormone (TRH), 2 also known as protirelin, is a tripeptide that consists of 5-oxoproline, histidine, and proline, and it is used for medical treatment of spinocerebellar ataxia. Administration of TRH to normal subjects results in a prompt increase of serum thyrotropin concentration. Stwertka et al. (1) reported that TRH might play an important role in memory modulation and have therapeutic value in certain disease states in humans.
TRH is rapidly metabolized and its mean half-life is 5 min (2). 5-Oxoproline (also known as pyroglutamic acid, glutamic acid, or pyrrolidonecarboxylic acid) is found as an N-terminal modification in many neuronal peptides and hormones that also include the accumulating peptides in Alzheimer disease and familial dementia (3). 5-Oxoproline is also generated by ␥-glutamyl cyclotransferase, which converts ␥-glutamyl amino acids into 5-oxoproline and corresponding free amino acids (4) . The ␥-glutamyl cycle in the brain influences amino acid transport indirectly through 5-oxoproline to maintain low concentrations of glutamate, aspartate, and glycine in the brain (5). Grioli et al. (6) reported that 5-oxoproline was effective in improving some verbal memory functions in subjects affected by age-related memory decline. A recent study has shown that 5-oxoproline could become a possible biomarker for autism spectrum disorders (7) .
The present study was undertaken to determine the role of SLC16A1 (also known as a monocarboxylate transporter, MCT1) in the transport of 5-oxoproline. SLC16A1 and SLC16A3 are expressed in astrocytes (8) . Despite the fact that 5-oxoproline is an amino acid derivative, it exists predominantly as an anionic monocarboxylate, indicating that 5-oxoproline may be transported by SLC16A1.
Furthermore, an SLC16A1 polymorphism (rs1049434) has recently been identified (Table 1) (9 -15) . According to the National Center for Biotechnology Information (NCBI), minor allele frequency of this gene polymorphism is extremely high (minor allele frequency ϭ 0.3425). However, influence of the SLC16A1 polymorphism (rs1049434) on the function of this protein has not been determined. It is necessary to wait for results of scientific and detailed epidemiology analysis of clinical data and to draw a conclusion about the cause and effect relationship between the SLC16A1 polymorphism and various diseases. In advance of epidemiology analysis, the impact of this polymorphism on the transport function of SLC16A1 was also investigated in this study. Site-directed Mutagenesis-The cDNA gene of SLC16A1, which was prepared from the human brain, was purchased from DNAFORM and cloned using a strategy similar to that described in a previous report on SLC16A3 (16) . The molecular cloning of SLC16A3 was previously described (16) . These plasmids were linearized with XhoI, and SLC16A1 and SLC16A3 cRNAs were synthesized in vitro using T7 RNA polymerase (Cell Script) from SLC16A1 and SLC16A3 cDNAs. An SLC16A1 mutant was obtained by using the QuikChange protocol (Agilent). The mutagenic oligonucleotides used were 5Ј-GAAAGACACAGAAGGAGGGCCCAAGG-3Ј for the forward primer and 5Ј-CCTTGGGCCCTCCTTCTGTGTCT-TTC-3Ј for the reverse primer, which replace an aspartate residue at position 490 with glutamate (SLC16A1-T1470A). A High Pure Plasmid Isolation Kit (Roche Applied Science) was used to isolate the plasmid DNA. Mutation was confirmed by DNA sequencing using a BigDye Terminator version 3.1 Cycle Sequencing Kit from Applied Biosystems.
EXPERIMENTAL PROCEDURES

Materials-L-[
Transport Assay-Xenopus laevis oocytes were collected under anesthesia (immersion in a solution of 1 g/liter of MS-222) from toads. This study was approved by the Committee on Animal Experimentation, Hokkaido University. Stage IV-V oocytes from X. laevis were isolated and maintained at 17°C in Barth's solution as previously described (16) . Oocytes were injected with 50 ng of cRNA in a 50-nl volume and incubated for 3-6 days. The transport function of heterologously expressed SLC16A1 was monitored at 25°C. We measured the uptake of radiolabeled compounds using a liquid scintillation counter. Uptake of a radiolabeled compound in water-injected and cRNA-injected oocytes was performed, and oocytes were washed with ice-cold transport buffer as previously described (16) . All data are given as mean Ϯ S.E. of three independent experiments, and 12-15 oocytes were used in each of the experiments on uptake of radiolabeled compounds.
Electrophysiological studies were performed with the twoelectrode voltage clamp technique as described previously (17) . SLC5A8-expresssing oocytes (kindly provided by Dr. Seiji Miyauchi, Toho University School of Pharmaceutical Sciences) were used as controls. The oocytes were used for electrophysiological studies 3-4 days after cRNA injection. An oocyte was voltage-clamped at Ϫ50 mV. The oocyte was superfused with perfusion buffer (96 mM NaCl, 2 mM KCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 10 mM HEPES/Tris with pH adjusted to 7.5). After the current had stabilized, the oocyte was superfused with the transport buffer. The oocyte was superfused with the same buffer additionally containing 5-oxoproline. The differences between the steady-state currents measured in the presence and absence of 5-oxoproline were considered at the substrateinduced currents. Electrophysiological measurements of substrate-induced currents were repeated at least four times with separate oocytes. Data represent mean Ϯ S.E.
Immunohistochemistry-The immunohistochemistry procedure used was the same as that previously described (16) . SLC16A1 cRNA-injected and water-injected oocytes were prepared for immunohistochemistry. Briefly, the oocytes were fixed in 10% formalin. The fixed oocytes were embedded in paraffin and stained by a rabbit anti-SLC16A1 antibody (Santa Cruz Biotechnology: H-70; Fig. 5A , C-20; Fig. 7 ). The prepared oocytes were monitored under a confocal scanning microscope (OLYMPUS).
Cell Culture and Transport Measurements-The human glioblastoma multiforme tumor-derived T98G cell line (RIKEN) was grown in Dulbecco's modified Eagle's medium (Sigma) supplemented with 10% (v/v) fetal bovine serum in plastic flasks or Petri dishes at 37°C in a 5% CO 2 incubator. For transport measurements, the cells were plated onto 24-well plates and grown to confluence. The cells were washed twice with 0.5 ml of uptake buffer (140 mM NaCl, 3 mM KCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 10 mM D-glucose, 5 mM Good's buffer) and incubated at 37°C in uptake buffer containing radiolabeled compounds. Radioactivity was determined after solubilization of the cells with 0.5 ml of 0.5 N NaOH by liquid scintillation counting. HEPES was used for pH 8.0 -7.0 buffer, and MES was used for pH 7.0 -5.5 buffer.
Determination of Expression of mRNAs-Expression of mRNAs was determined by RT-PCR. Total RNA was isolated from T98G cells using Isogen II reagent (NIPPON GENE). Total RNA was reverse-transcribed using ReverTra Ace (TOYOBO) and random primers according to the manufacturer's instructions. PCR was then performed using SLC16A1, SLC16A3, and SLC5A12 specific primers and KAPATaq Extra (NIPPON Genetics). Primers specific for human actin-␤ were also included in each reaction as an internal standard. The primer sequences and expected sizes are shown in Table 6 . The PCR method consisted of 25 cycles of denaturing at 95°C for 30 s, annealing at 60°C for 30 s, and extension at 72°C for 60 s, followed by a final extension at 72°C for 60 s. The products were size-fractionated on an agarose gel and stained by ethidium bromide.
Statistical Analysis-The difference between mean values was assessed using Student's unpaired t test, with significance assigned at p Ͻ 0.05. When multiple comparisons were required, analysis of variance was performed and differences were determined using the least significant difference. Significance was assigned at p Ͻ 0.05.
RESULTS
The chemical structures of TRH and 5-oxoproline are shown in Fig. 1 . TRH is a tripeptide that consists of 5-oxoproline, histidine, and proline. 5-Oxoproline is a TRH metabolite in which the amino group of glutamic acid is cyclized to form a lactam. 5-Oxoproline, which is an uncommon amino acid derivative, has a pK a value of 3.6 (18). Hence, it exists mostly as a monova- We investigated the transport of 5-oxoproline via SLC16A1 using a heterologous expression system. We expressed SLC16A1 in X. laevis oocytes by injection of SLC16A1 cRNA. The transport activity of SLC16A1 was monitored by the uptake of [
14 C]lactate as a classical substrate of SLC16A1. The uptake of lactate in SLC16A1-expressing oocytes was 25-fold higher than that in water-injected oocytes (data not shown). SLC16A1-mediated uptake was calculated by subtracting the uptake in water-injected oocytes from the uptake in cRNAinjected oocytes. The uptake of lactate was linear for at least 20 min. We tested the effects of 5-oxoproline, histidine, proline, and lactate on SLC16A1-mediated lactate uptake (Fig. 2) . 5-Oxoproline (10 mM) showed a strong inhibitory effect on SLC16A1-mediated [
14 C]lactate uptake, which was reduced to 10 -15% of the control level. This inhibition resembles the inhibition caused by unlabeled lactate (10 mM). Histidine and proline had no effect on SLC16A1-specific lactate uptake (p Ͼ 0.05).
Therefore, we assessed SLC16A1-mediated 5-oxoproline transport by monitoring the uptake of 5-[
3 H]oxoproline in the same heterologous expression system. Uptake of 5-oxoproline in SLC16A1 cRNA-injected oocytes was 300-fold higher that in water-injected oocytes (Fig. 3A) . This transport activity was enhanced by a proton or protons. The accumulation of 5-oxoproline by SLC16A1-expressing oocytes was markedly reduced by alkalizing the buffer pH. The transport of 5-oxoproline via SLC16A1 was inhibited by substrates of the transporter (Fig. 3B ). Histidine and proline did not suppress the transport process (p Ͼ 0.05).
We also investigated the effects of SLC16A2 substrates including triiodothyronine (T3) and thyroxin (T4) on SLC16A1-mediated 5-oxoproline uptake (Fig. 4) . When present at 30 M, we could not detect interactions of T3 and T4 with SLC16A1. The reason is low identity; pairwise basic local alignment search tool (BLAST) analysis showed that the amino acid identity relative to SLC16A1 was only 22.6% for SLC16A2.
To test the effects of ions on SLC16A1-mediated 5-oxoproline uptake, a sodium-free condition (replacement of N-methyl-D-glucamine in the transport buffer by sodium) and chloride-free condition (replacement of gluconate in the transport buffer by chloride) did not significantly change the uptake (Table 2) . On the other hand, SLC16A1 transport activity was greatly reduced by carbonyl cyanide 3-chlorophenylhydrazine (CCCP) as a protonophore. These results indicate that the transport process is proton/ 5-oxoproline cotransport. We then examined the transport of 5-oxoproline under the conditions of normal (2 mM) and high (50 mM) extracellular potassium concentrations as the latter condition acts to depolarize the membrane potential (19) . SLC16A1-mediated 5-oxoproline uptake was not changed by a high potassium concentration condition. These results suggest that the proton:5-oxoproline stoichiometry of 1:1 shows an electroneutral property of the transport process. Therefore, we used the two-electrode voltage clamp technique to investigate the electroneutral property of 5-oxoproline transport via SLC16A1. The well known electrogenicity of SLC5A8, as an Na ϩ -coupled monocarboxylate transporter, was used for comparison. SLC5A8-expressing oocytes were perfused with 5-oxoproline (5 mM) under voltage-clamp conditions and the currents at pH 7.5 and 5.5 were 103 Ϯ 4 and 68 Ϯ 1 nA. Such currents were not detectable in SLC16A1-expressing oocytes.
In the next series of experiments, the effect of the polymorphism (rs1049434) on transport of 5-oxoproline via SLC16A1 was tested. We first established that an SLC16A1 mutant (D490E) was properly expressed in X. laevis oocytes. The transporter protein localized mainly to the plasma membrane as evidenced by fluorescent laser scanning confocal microscopy ( Fig.  5A) . We then investigated the kinetic characteristics of 5-oxoproline transport via SLC16A1-D490E. The transport of 5-oxoproline via SLC16A1 wild type (WT) was saturated at high concentrations of 5-oxoproline (Fig. 5B) . The mutant-mediated 5-oxoproline transport process was also saturable (Fig.  5C ). The Michaelis constant (K m ) was increased in SLC16A1-D490E compared with that in the wild type (Fig. 5D) . Proton-activation kinetics indicated that the relationships between 5-oxoproline uptake via SLC16A1-WT and -D490E and proton concentrations were not sigmoidal (Fig. 6, A and B) , suggesting involvement of one proton in the activation process. Determination of the Hill coefficient using the Hill equation gave values of 0.9 Ϯ 0.1 (WT) and 1.1 Ϯ 0.1 (D490E). These results indicate that for one molecule of 5-oxoproline transported, one proton is then cotransported. The data were fitted to the Henderson-Hasselbälch equation and pK a values were calculated. The values were 6.31 Ϯ 0.05 (WT) and 5.96 Ϯ 0.07 (D490E) (Fig. 6, C and D) . The proton concentration required to produce half-maximal activation of transport activity (K 0.5, H ϩ ) was increased in SLC16A1-D490E compared with that in the wild type (Fig. 6E) . We also investigated the effect of the polymorphism on transport of lactate as a classical substrate via SLC16A1 (Table 3) . Lactate uptake via SLC16A1-D490E was increased compared with the wild type, although lactate uptake of other mutants was comparable with that of SLC16A1-WT (p Ͼ 0.05). Staining of the other indicated mutants revealed a sharp signal for SLC16A1 in the plasma membrane (Fig. 7) .
We also examined the transport of 5-oxoproline in cells. In this study, we used T98G cells for the experiments as an astrocyte cell model because the cells resemble biologically primary astrocytes (20 -22) . The uptake of 5-oxoproline by T98G cells was measured in the 0 -30 min range. The time course for the accumulation of 5-oxoproline by T98G cells is shown in Fig. 8A . The accumulation of 5-oxoproline was linear up to 5 min after incubation with 5-oxoproline. Therefore, the initial uptake rate was calculated from the slope of the linear portion (Fig.  8A, inset) and determined within 5 min after onset. The relationship between the initial uptake rate and 5-oxoproline concentration is depicted in Fig. 8B . The uptake was saturated at high concentrations of 5-oxoproline. This indicates that the uptake process is comprised of a saturable process at a low concentration and a non-saturable process at a high concentration. The inset in Fig. 8B shows an Eadie-Hofstee plot of the 3 H]oxoproline (60 nM) was measured with a 15-min incubation in parallel in water-injected oocytes and cRNA-injected oocytes, and SLC16A1-specific transport was calculated by subtracting the uptake in water-injected oocytes from the uptake in cRNA-injected oocytes. Uptake measurements were made in the absence or presence of 5-oxoproline, histidine, proline, and lactate (10 mM). Uptake measured in the absence of inhibitors was taken as 100% (control), and uptake in the presence of inhibitors is given as a percent of this control value. The experiment was done in triplicate. Data are given as mean Ϯ S.E. (a, p Ͻ 0.05 compared with control; b, p Ͼ 0.05 compared with control). 3 H]oxoproline (60 nM) was monitored with a 15-min incubation, and SLC16A1-specific transport of 5-oxoproline was calculated by subtracting the uptake in water-injected oocytes from the uptake in cRNA-injected oocytes. Uptake measurements were made in the absence or presence of T3 and T4 (30 M). Uptake measured in the absence of thyroid hormones was taken as 100% (control), and uptake in the presence of thyroid hormones is given as a percent of this control value. The experiment was done in triplicate. Data represent mean Ϯ S.E. (b, p Ͼ 0.05 compared with control).
TABLE 2 Demonstration of proton-coupled electroneutral transport of 5-oxoproline via SLC16A1 in a X. laevis oocyte expression system
Uptake of 5-[ 3 H]oxoproline (60 nM) was monitored with 15-min incubation, and SLC16A1-specific transport of 5-oxoproline was calculated by subtracting the uptake in water-injected oocytes from the uptake in cRNA-injected oocytes. For the Na ϩ -free condition, Na ϩ was replaced with NMDG. For the Cl Ϫ -free condition, Cl Ϫ was replaced with gluconate. Uptake measurements were made in the presence of KCl (50 mM) and CCCP (40 M). Uptake measured in the absence of CCCP was taken as 100% (control), and uptake in the presence of CCCP is given as percent of this control value. Uptake measured in the presence of 2 mM KCl was taken as 100% (control), and uptake in the presence of 50 mM KCl is given as percent of this control value. Uptake measured in the presence of Na ϩ was taken as 100% (control), and uptake in the absence of Na ϩ is given as percent of this control value. Uptake measured in the presence of Cl Ϫ was taken as 100% (control), and uptake in the absence of Cl Ϫ is given as percent of this control value. The experiment was done in triplicate. Data represent mean Ϯ S.E. These results imply that passive diffusion hardly contributed to the kinetics because the K d value was very low, indicating that 5-oxoproline uptake is mediated by a carrier protein.
To elucidate the carrier for 5-oxoproline, 5-oxoproline uptake was measured under various conditions (Table 4) . First, we checked the dependence of the membrane potential. The addition of valinomycin (50 M) to the medium had no effect on 5-oxoproline uptake (p Ͼ 0.05). Because Na ϩ -dependent transporters for monocarboxylic acids have been reported (23), we replaced Na ϩ with N-methyl-D-glucamine in the medium. However, this condition caused no observable change in 5-oxoproline uptake (p Ͼ 0.05). Based on these findings, we speculate that this 5-oxoproline transport is neither an electrogenic nor Na ϩ -dependent process. In contrast, we observed marked pH dependence. When the extracellular H ϩ concentration was decreased from 3.2 to 0.032 M, 5-oxoproline uptake decreased greatly. We also examined the effect of proton electrochemical potential energy on 5-oxoproline uptake. Uptake of 5-oxoproline was measured in the presence of 40 M CCCP. Uptake of 5-oxoproline was significantly suppressed by CCCP. Hence, this transport process is driven by the proton gradient, that is, a proton symport system. Uptake of 5-oxoproline was markedly inhibited by 2.5 mM diethyl pyrocarbonate, which modified the histidine residues. Diethyl pyrocarbonate is known to suppress the H ϩ acceptor or donor function of histidine residues of proteins (24) . In addition, we performed an inhibition experiment using various compounds. As shown in Table 5 , the monocarboxylate lactate strongly reduced the uptake of 5-oxoproline to 20% of the control level. On the other hand, the organic anion transporter substrate p-aminohyppurate (25) , the oligopeptide transporter substrate glycylsarcosine (26) , and amino acid transporter substrates histidine and proline (27, 28) had no effect on 5-oxoproline uptake (p Ͼ 0.05). The observations indicate that 5-oxoproline and lactate may be transported through a common carrier in T98G cells and that 5-oxoproline is not taken up by an Na ϩ -dependent transport system. A study by Suzuki et al. (8) has shown that monocarboxylate transporters are expressed in astrocytes. To determine whether 5-oxoproline is taken up through monocarboxylate transporters, RT-PCR was performed with specific primers for each of these transporters (Table 6 ). SLC16A1 and SLC16A3 were expressed in T98G cells (Fig. 9) . However, SLC5A12 was not expressed in T98G cells but was expressed in BeWo cells used as a positive control (data not shown). Therefore, we speculated from these results that 5-oxoproline is taken up through SLC16A1 and/or SLC16A3.
Hence, we investigated the transport of 5-oxoproline using a X. laevis oocyte expression system. The transporters were expressed in oocytes by injection of SLC16A1 or SLC16A3 cRNA. Water-injected oocytes were used as controls. The uptake of 5-oxoproline in SLC16A1 cRNA-injected oocytes was higher than that in water-injected oocytes (Fig. 10) . However, there was no significant difference in uptake between SLC16A3-expressing oocytes and water-injected oocytes. These results indicate that H ϩ -coupled 5-oxoproline transport is mediated solely by SLC16A1.
DISCUSSION
In this study, we demonstrated transport of 5-oxoproline via SLC16A1 and the impact of a polymorphism (rs1049434). The gene polymorphism brought about the SLC16A1 functional change-induced breakdown of homeostasis because SLC16A1 knock-out is lethal (29) . Lactate as a classical substrate for SLC16A1 is a monocarboxylate with no structural resemblance to 5-oxoproline. However, lactate and 5-oxoproline blood levels in autism spectrum disorder patients are decreased compared with those in healthy persons (7), suggesting potential involvement of the same transport system in the lactate transport process. Miyauchi et al. (30) reported that the monocarboxylate transporter SLC5A8 is involved in renal reabsorption of the amino acid derivative 5-oxoproline. It is also expressed in neurons but not in astrocytes (23) . Therefore, we speculated that the contribution of SLC16A1 to 5-oxoproline transport in astrocytes is large.
We have shown dramatic activity of SLC16A1-mediated 5-oxoproline transport by a heterologous expression system. Expression of SLC16A1 in X. laevis oocytes induced pH-dependent transport of 5-oxoproline, which was suppressed by lactate. The K m value was 10-fold larger than the value of SLC5A8 (30) . This value is appropriate because the human brain has 100 billion neurons and 10 -50-fold more glial cells (31) . Proton activation of the transport exhibited non-linear kinetics with a Hill coefficient of 0.9 Ϯ 0.1, indicating that the proton:5-oxoproline stoichiometry of 1:1 shows an electroneutral property of the transport process. SLC16A2, which belongs to the same 
TABLE 3
Impact of polymorphism (rs1049434) on SLC16A1-mediated lactate uptake Uptake of lactate (100 M) was monitored in oocytes injected with SLC16A1-WT or the indicated mutants. SLC16A1-specific transport of lactate was calculated by subtracting the uptake in water-injected oocytes from the uptake in cRNA-injected oocytes. The experiment was done in triplicate. Data represent mean Ϯ S.E. (32) (33) (34) (35) (36) (37) . We also studied the effects of hormones as SLC16A2 substrates, including T3 and T4, on transport of 5-oxoproline via SLC16A1. It is of importance that even mild thyroid failure can have a number of clinical effects such as depression, memory loss, cognitive impairment, and a variety of neuromuscular complaints (38, 39) . Under the experimental conditions used in our study, we could not detect any interaction of thyroid hormones with SLC16A1. Although SLC16A1 and SLC16A2 belong to the same family, the amino acid identity relative to SLC16A1 is only 22.6% for SLC16A2. Therefore, we speculated that the recognition mechanisms of these transporters for the core structure except for monocarboxylic acid of the substrate are greatly different.
SLC16A1 mutants
Next, to determine whether SLC16A1 polymorphisms affect the function of SLC16A1 protein, we performed site-directed mutagenesis. None of the mutants showed an effect on the correct localization of the protein in the plasma membrane. The SLC16A1 polymorphism (rs1049434) influences the K m value of SLC16A1-mediated 5-oxoproline transport. However, the mutation site of this polymorphism is Asp-490 in the carboxylterminal facing the cytosol. Hence, we speculated that a change in the K m value is not mediated by change of a direct interaction with 5-oxoproline. A pK a value of 6.3 strongly indicates that the amino acid residue may be histidine, which is involved in regulation of the transport activity by a proton. Aspartate is a partner of histidine in a number of enzymes that have an active site motif known as a catalytic triad. The positively charged histi- H ؉ dine at low pH may disconnect with negatively charged Asp-490, resulting in a change in the conformation of SLC16A1 and activation of the transporter. Therefore, we examined the effect of the SLC16A1 polymorphism (rs1049434) on the pH dependence of transport activity. The mutation of Asp-490 had an effect on the K 0.5, H ϩ value of SLC16A1-mediated 5-oxoproline transport, indicating that the mutation suppresses histidine protonation. Consequently, the K m value of SLC16A1-mediated 5-oxoproline transport was increased by the SLC16A1 polymorphism (rs1049434) because the transporter is an electroneutral proton/5-oxoproline cotransporter. More research is needed to clarify the relationship between SLC16A1 polymorphisms and the 5-oxoproline concentration in the human brain and to develop a tool for noninvasive measurement of the intracerebral concentration of 5-oxoproline.
We also studied the transport of 5-oxoproline in an astrocyte cell model. The transport process in T98G cells was Na ϩ -independent, H ϩ -dependent, and electroneutral. Of interest, a carrier that has these characteristics has not been reported. Furthermore, only one carrier-mediated transport component was detected by analysis of concentration dependence. The K m value of 5-oxoproline uptake in the cells was similar to the K m value of 5-oxoproline uptake by SLC16A1-expressing oocytes. These results suggest that SLC16A1 contributes to 5-oxoproline transport in the cells. On the other hand, the uptake of 5-oxoproline in the cells was inhibited by lactate but not by amino acids. Based on these findings, we speculate that several pH-dependent amino acid transport systems scarcely contributed to 5-oxoproline transport in the cells.
Taken together, the results indicate that SLC16A1 is an electroneutral low-affinity transporter for 5-oxoproline. Despite the fact that 5-oxoproline is an amino acid derivative, Na ϩ -dependent and amino acid transport systems scarcely contributed to 5-oxoproline transport. Our findings strongly argue against a primary role of SLC16A1 in membrane transport of 5-oxoproline. 
